Many cnidarians, including corals, form a mutualistic symbiosis with the photosynthetic 3 6
dinoflagellate Symbiodinium spp., where the algae are housed in host gastrodermal cells thereby giving 3 7 corals their typical brown coloration. Host corals provide the resident symbionts with inorganic nutrients, 3 8 a high-light environment and refuge from herbivory. In return, the symbionts supply the host coral with 3 9
photosynthetically-fixed carbon (Davy et al., 2012; Muscatine and Weis, 1992) . Corals are the trophic and 4 0 structural centerpiece of coral reefs, one of the most diverse biomes on the planet. Worldwide, the 4 1 survival of coral reefs is threatened by a number of factors including elevated seawater temperature, 4 2 ocean acidification, rising sea levels, overfishing and pollution (Richmond and Wolanski, 2011) . One 4 3 biological consequence of some of these stressors, especially elevated temperature, is the phenomenon of 4 4 coral bleaching. Bleaching is the breakdown of the cnidarian-dinoflagellate symbiosis leading to the loss 4 5
of Symbiodinium cells from host tissues, and thus loss of color. Coral bleaching results in reduced host 4 6 fitness, as evidenced by reduced growth rates and fecundity, and increased susceptibility to disease (Coles  4  7 and Brown, 2003; Rosenberg et al., 2007) . The ecological and socio-economic implications of bleaching 4 8 are therefore immense (Hoegh-Guldberg et al., 2007) . 4 9
The process of coral bleaching is complex and involves several inter-related mechanisms that 5 0 vary depending on the type, duration and intensity of environmental stress. While it is well known that 5 1 environmental disturbances, chiefly elevated temperature, initiate the onset of bleaching, the cellular 5 2 cascade of events that leads to symbiont loss is less clear (Lesser, 2011; Weis, 2008) . There is a partial 5 3 picture emerging of the multiple cellular pathways involved, including host cell death either in a sudden 5 4 and uncontrolled manner, or via a controlled process of programmed cell death. In addition, 5 5
Symbiodinium cells can be expelled from host cells or be degraded in situ (Brown et al., 1995; Dunn et al., 5 6 2002a; Dunn et al., 2007; Dunn et al., 2004) . Teasing apart these mechanisms is difficult because of the 5 7 potential dual effects of stress on the host cells and their resident symbionts individually, in addition to 5 8 the interaction between the two partners. 5 9
To date, most studies on bleaching have contributed to a storyline where the cascade of events 6 0 leading to bleaching is initiated by the symbiont (reviewed in Lesser, 2011; Weis, 2008) . Many studies 6 1 have shown that heat stress damages the symbiont's photosynthetic apparatus, which results in production 6 2 of excess reactive oxygen species (ROS) that in turn overwhelm existing oxygen-handling mechanisms 6 3 (Franklin and Berges, 2004; Lesser, 1997) . ROS diffuse into the host cell thereby activating its apoptotic 6 4 pathway, a highly ordered program of self-destruction mediated by the caspase family of proteases; this 6 5 leads to host cell death (Lesser, 2006; Suggett et al., 2008) . The fate of Symbiodinium cells is less clear. 6 6
There is evidence that released Symbiodinium cells can be in a healthy or damaged state depending on the 6 7 cells freshly isolated from Aiptasia and incubated in a FASW control, 10 mM H 2 O 2 (positive control) or 2 3 8 12.5 mM colchicine for 3 or 24 h (Fig 3B) . Heat stress causes an increase in Symbiodinium cell death in a dose-and time-dependent manner 2 5 3
With an understanding that host cell death could be contributing to symbiont cell mortality, the 2 5 4
next step was to test the hypothesis that heat stress causes host cell death, which in turn can contribute to 2 5 5 symbiont cell mortality. First, to assess the mortality levels in Symbiodinium CCMP-830 cells due to 2 5 6 elevated temperature, the cultured dinoflagellates were incubated in a range of heat stress conditions (25 2 5 7 (ambient), 27, 30 or 33˚C for 3 or 24 h) and mortality was quantified with Sytox Green fluorescence and 2 5 8 confocal microscopy (Fig. 5A) . Cells sampled at 3 h increased from ratios of 1 at 25˚C to a high of 2.5 at 2 5 9 33 ˚C, and those sampled at 24 h increased from 1 at 25 ˚C to a high of 5.2 at 33˚C. Cells incubated at 30 2 6 0 ˚C (3 h P < 0.01, 24 h P < 0.0001) and 33˚C (3 and 24 h both P < 0.0001) displayed significantly 2 6 1 increased rates of mortality compared to controls. The level of mortality in Symbiodinium cells incubated 2 6 2 at 33˚C for 24 h was 2.5-fold higher than Symbiodinium cells incubated for 3 h (P < 0.0001). These 2 6 3 findings reflect an increase in mortality that is both dose-and time-dependent. 2 6 4 A similar experiment was carried out to determine if levels of mortality due to heat stress were 2 6 5 different in Symbiodinium cells in hospite compared to those in culture. As in treatments of cultured 2 6 6 Symbiodinium cells, mortality of algae in hospite increased with rising temperature and prolonged 2 6 7 duration of treatment (Fig. 5B) . Cells sampled at 3 h increased from ratios of 1 at 25˚C to a high of 4.6 at 2 6 8 33 ˚C, and those sampled at 24 h increased from 1 at 25 ˚C to a high of 7.7 at 33˚C. Values at 30˚C (3 h P 2 6 9 < 0.05, 24 h P < 0.0001) and 33˚C (3 h P < 0.0001, 24 h P < 0.0001) were significantly higher than those 2 7 0 at ambient temperatures, with the rate of symbiont cell mortality significantly elevated between 3 and 24 2 7 1 h ( 30˚C P < 0.01, 33˚C P < 0.0001 Of these cells, 92% died according to the first pattern (P < 0.0001), with 2% and 6% displaying Patterns 2 2 9 3 and 3 respectively. In contrast, incubation of symbiotic host cell macerates in 12.5 mM colchicine led to 2 9 4 98% host cell death (P < 0.0001). Of these dead cells, the majority (67%) (P < 0.0001) displayed death 2 9 5 according to Pattern 3, with 38% (P < 0.05) and 5% (P > 0.05) exhibiting Patterns 1 and 2, respectively. 2 9 6
Taken together, these results suggest that induction of host cell apoptosis via colchicine incubation leads 2 9 7
primarily to a pattern of host cell death followed by Symbiodinium mortality. 2 9 8
Finally, to determine if a similar pattern of death is observed under heat stress conditions, 2 9 9 symbiotic host cells were subjected to 33˚C temperature stress for 8 h. All host cells subjected to heat 3 0 0 stress died. The slight majority of macerates 52% (P < 0.0001) exhibited death according to Pattern 3. A 3 0 1 further 27% (P < 0.001) and 21% (P < 0.001) died by Patterns 1 and 2, respectively. These data suggest 3 0 2 that, in many cells, heat stress induces apoptosis in host cells that in turn could be contributing to death of 3 0 3 the symbionts. which each process occurs, in which partner, and the effect that one partner's stress has on the other, 3 1 1 remain difficult to dissect out from the complexity of the endosymbiosis. To aid our attempts to tease 3 1 2 apart the effects of stress on each partner individually, in addition to the interaction between the two 3 1 3 partners, we wanted to identify a pharmacological agent that would cause programmed cell death of the 3 1 4 host cell but not the symbiont cell within the time-frame of our experiments. Building on previous studies 3 1 5
in Aiptasia and other animals, and in dinoflagellates, we focused on colchicine. Colchicine, a commonly 3 1 6 used anti-cancer drug, is a microtubule disrupting agent. In mammals, it also induces apoptosis through 3 1 7
poorly understood mechanisms that cause release of cytochrome c from mitochondria and subsequent 3 1 8 caspase activation (Gorman et al., 1999 With the tool of a host-only apoptosis-inducer in hand, we found that induction of apoptosis in 3 2 7
hosts when incubated in colchicine also results in increased cell death of symbionts in hospite (Fig. 4) . In 3 2 8 addition, we provide evidence from colchicine-incubated host cell macerates that, in the majority of dying 3 2 9 cells, host cell apoptosis occurs first followed by death of the resident symbionts ( Fig. 6A , B). These 3 3 0 results suggest that host cell apoptosis can contribute to cell death of symbionts without prior signaling 3 3 1 from stressed or dying symbionts. This response exhibits characteristics of a classic innate immune 3 3 2 response, such as the removal and/or destruction of foreign bodies, so well characterized in other animals 3 3 3 (Postigo and Eitz Ferrer, 2009; Wilson et al., 2009) . A similar phenomenon has also been described in 3 3 4 aposymbiotic larvae of the coral Fungia scutaria challenged with Symbiodinium sub-clade C31 that is 3 3 5 unable to colonize this coral species (Dunn and Weis, 2009 Moving from simple studies using a single pharmacological agent to those that use heat stress, 3 3 9 which causes a myriad of effects, could we show evidence that temperature stress on host cells 3 4 0 contributes to cell death of symbionts in hospite? Results in Figure 5 show that Symbiodinium cells 3 4 1 subjected to elevated temperature die at a higher rate in hospite than they do in culture, suggesting that 3 4 2 there is a negative host effect on Symbiodinium cell survival during heat stress. Furthermore in the 3 4 3 majority of cases, the host cell dies first followed by mortality of the symbiont (Fig. 6B) Together with our results from colchicine treatment, these findings suggest that host stress plays a role in 3 5 5 the bleaching response. 3 5 6
The present study has several limitations that constrain our ability to fully interpret the results. 3 5 7
First, we were not able to observe Symbiodinium mortality in live host cells (See Fig. 1 , Pattern 0) and 3 5 8 therefore we were unable to assess a potential pattern of symbionts dying in healthy host cells. However if 3 5 9 this pattern were observable, it would decrease the percentage of live host cells bearing healthy symbionts 3 6 0 observed but would not affect Patterns 1-3 described in Figure 6 . Second, we were not able to assess a 3 6 1 potential pattern of symbiont cells dying first following by death of the host cells (see Fig. 1 , Pattern 2). If 3 6 2 this pattern were observable, it would decrease the percentage of Pattern 2. Finally, in the heat stress 3 6 3 experiments, it is possible that initiation of host cell death was not caused directly by the host cell 3 6 4 response to heat stress but instead was a result of stress signals, such as ROS, from the Symbiodinium cell 3 6 5 that are released prior to symbiont cell mortality; these in turn would launch a host innate immune 3 6 6 response. Despite these limitations, the results provided in this study allow us to add to existing cellular 3 6 7 models for cnidarian bleaching proposed in other studies and reviews (Lesser, 2006; Lesser, 2011; Weis, 3 6 8 2008) . In this model, shown in Figure 7 , previously established pathways supported by many studies 3 6 9 remain. Specifically, with an elevated temperature stress, ROS generated by symbionts leak from the 3 7 0 symbiont into host tissues and contribute to a host cell death response (Pathway A). Based on data from 3 7 1 this study and others (Dunn et al., 2012; Dykens et al., 1992; Nii and Muscatine, 1997) 
Cell death in Aiptasia incubated in colchicine as measured by caspase activity. Caspase activity was 3 9 6 measured using a Rhodamine 100 aspartic acid fluoroprobe after a 3-h incubation in 0 (control) or 12.5 3 9 7 mM colchicine. A) Confocal images of live tentacles from whole-mount Aiptasia. B) Relative caspase 3 9 8 activity in the gastrodermis and epidermis of Aiptasia measured by the fluorescence intensity of the 3 9 9
Rhodamine 100 aspartic acid fluoroprobe and quantified using Image J software. (Bars represent means ± 4 0 0 s.e.m. ; n = 3; two-way ANOVA with Bonferroni correction, **** P < 0.0001 and ** P < 0.01). 
